Femtosecond pulses ͑790 nm͒ are used for nonresonant laser excitation of superfluid liquid helium to prepare ionic and neutral excited states at energies above 18 eV. Measurements of laser-induced fluorescence and photocurrent enable a detailed description of the primary photoprocesses. A controllable excitation regime unique to femtosecond pulses is realized at laser intensities below the dielectric breakdown threshold, IϽ5ϫ10 13 W/cm 2 . A steady state of the long-lived triplet excimers He 2 *( 3 a) ͑lowest Rydberg state͒ is established; the concentration decays between laser pulses through diffusion-controlled bimolecular annihilation to ϳ10
I. INTRODUCTION
Atomic and molecular spectroscopy in superfluid helium, and in particular, the spectroscopy of impurities isolated in the liquid phase, [1] [2] [3] and in large superfluid helium droplets, [4] [5] [6] [7] [8] [9] [10] [11] has become the subject of active research in the past few years. A rather thorough review of the experimental and theoretical progress in the field was recently presented by Whaley. 12 A variety of motivations has propelled the recent activity. Due to its unique properties such as chemical inertness, low temperature, and high thermal conductivity, superfluid helium represents an ideal matrix environment 6 for stabilizing weakly bound species and for observing unusual reactions. 6, 8, 9 Perhaps more tantalizing is the prospect that such studies may lead to a microscopic understanding of superfluidity. The unusual properties of the superfluid phase, hallmarks of which include its vanishing viscosity discovered by Kapitza, 13 extreme thermal conductivity, thermomechanical effect, and second sound, 14 are successfully explained by the phenomenological two-fluid model which was advanced by Tisza 15 and Landau. 16 The classic experiment of Andronikashvili, 17 in which a stack of disks held by a torsion balance was used to observe the decoupling of the superfluid fraction from the motion, remains the basis of most demonstrations of superfluidity. The microscopic version of this experiment was most convincingly accomplished recently by Toennies and co-workers, in OCS-doped He clusters. 4 With the substitution of the molecular rotor for the disk stack, they were able to spectroscopically observe that the molecule would rotate in the superfluid droplet of 4 He while it would not in 3 He clusters. Moreover, by adding 4 He atoms to the 3 He cluster, the rotation is observed when a layer of about 60 4 He atoms surrounds the impurity, establishing a microscopic scale for the onset of superfluidity. Not withstanding the elegance of these experiments, finite-size effects due to density gradients associated with the surface 18 are a source of concern in these clusters of very broad size distribution. 19 Moreover, it is virtually impossible to control the thermodynamic variables of the cluster ͑both pressure and temperature͒, hence, the scrutiny of observables is limited to a single point on the 4 He phase diagram, to T ϭ0.38 K ͑Ref. 20͒ determined by evaporative cooling of the cluster. 21 Analogous measurements of the fluid response to molecular motions, such as vibration, rotation, or electronic excitation, in bulk helium and as a function of temperature, pressure, and phase, are expected to provide broader insights regarding the manifestations of superfluidity on the microscopic scale.
Difficulty in implanting the foreign species in liquid hea͒ Permanent address: Institut für Experimentalphysik, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin, Germany. b͒ Electronic mail: aapkaria@uci.edu lium has limited studies in the bulk to spectroscopy of metal atoms dispersed in the liquid by laser ablation. [1] [2] [3] 22 Frequency domain spectra have invariably involved electronic excitations that are strongly coupled to the medium, yielding broadbands with very little information content. Under these conditions, time domain studies can be expected to be significantly more incisive, as has been demonstrated by our group in other studies of impurities isolated in condensed media. 23 Time-resolved studies of molecular probes in bulk superfluid He is our main aim. To this end, instead of injecting foreign molecular species, we rely on intense femtosecond pulses to prepare the microscopic probes in the neat fluid. Femtosecond laser-induced ionization of liquid helium and the subsequent preparation of He 2 * excimers in superfluid He are the subjects of this paper. We follow this with a report of time-resolved measurements of the response of the quantum solvent to electronic excitations using the He 2 ( 3 a) chromophore.
Motivated by both fundamental considerations and practical applications such as the generation of very high harmonics 24, 25 and the production of attosecond pulses, 25 the strong field-induced ionization of atomic He with intense ultrashort laser pulses has been extensively studied. The transition of the process from the multiphoton regime to tunneling ionization, [26] [27] [28] and eventually to the complete Coulomb barrier suppression limit, 29 as a function of radiation intensity is well characterized by both experiment and theory. In the case of condensed media, and in particular, in the case of rare-gas clusters where the same physics has been pursued as a potential means for the generation of coherent x rays 30 and highly ionized states of matter, 31 the process is less well understood. Due mainly to its high ionization limit, liquid He enables detailed insights into the photophysics of strong field ionization in condensed media. We demonstrate that the ionization of the liquid proceeds via cascade impact ionization of the ground-state He atoms by electrons accelerated in the intense laser field. Unique to the use of ultrashort pulses is an excitation regime at which a controllable ionization cascade of the liquid can be maintained, below laser breakdown threshold. The controllability of the cascade allows it to be quantitatively characterized both spatially and temporally up to the onset of catastrophic breakdown. A novel mechanism of subcritical ͑underdeveloped͒ electron avalanche is advanced based on these observations.
The controlled ionization provides a convenient access to a rich variety of electronic excitations in liquid helium and may prove useful for probing microscopic dynamics in the time domain. The solvation of the nascent ions on picosecond time scales-thermalization of ''hot'' quasifree electrons to form the bubble state and charge localization and trapping of the parent He ϩ cation to form the snowball state-present valuable models of many-body nonadiabatic dynamics. 32, 33 A significant body of work has been dedicated to studies of the thermal ions in superfluid He. The pioneering studies of the mobilities of the excess electron and positive ion 34 showed a surprisingly slow motion of the ions in external electric field, indicating a large effective size. These were followed by theoretical calculations which characterized the microscopic structure of these elementary charge carriers. In its ground state, the electron is trapped in a large bubble of radius ϳ17 Å, 35, 36 which is formed due to the strictly repulsive interaction between the electron and He, and the weak interaction between He atoms. This electronbubble state has been characterized spectroscopically. 37, 38 Most recently, there have been theoretical treatments of the dynamics of bubble formation, 39 predicting time scales for the full relaxation from 3.9 to 8.5 ps. Mobility measurements indicate that the positive charge carrier in He is also heavy ͓with an effective mass of some 30 He atoms ͑Ref. 40͔͒, depicting the picture of a ''snowball'' formed by the aggregation of He atoms around the charge center. The core of the snowball when fully vibrationally relaxed may be identified as He 3 ϩ from the experiments in He molecular beams 41 and according to recent theoretical simulations of hole migration and self-trapping in small He clusters. 33 Recombination of the thermal ions leads to the final product of the excitation sequence, molecular Rydberg excimer states He 2 *, which lie in the windowless UV range above 18 eV, the lowest excited electronic state being the triplet excimer, He 2 ( 3 a). The existence of these neutral molecular excitations in liquid He was discovered by Surko and Reif. 42 These states have been prepared in the liquid phase through ␣-particle and electron-beam bombardment, and their spectroscopy and kinetics have been characterized through both emission and absorption spectroscopy in the IR, visible, and vacuum ultraviolet ͑VUV͒ regions, [43] [44] [45] [46] [47] which was recently supplemented by studies in clusters using synchrotron radiation. 48 A good summary of the early work can be found in the monograph by Schwentner, Jortner, and Koch. 49 It was established that, similar to the electron-bubble state, the He 2 excimers exist in stable cavities in liquid helium, with the bubble configuration coordinate responsible for the observed moderate spectral shifts and broadening of transitions within the triplet manifold. 47 Such transitions, therefore, constitute useful probes for time-dependent studies of the response of the quantum solvent.
The organization of this paper is as follows. Section II is devoted to the experimental approach, and in Sec. III the experimental observations are described and analyzed. In Sec. IV we provide a detailed model for the cascade ionization mechanism and show that it quantitatively reproduces all of the relevant experimental measurements. Concluding remarks are given in Sec. V.
II. EXPERIMENTAL SETUP
The experiments are conducted in a helium cryostat ͑Ox-ford͒ equipped with a set of optical windows. The cold shaft of the cryostat is filled with liquid helium and pumped down to reach a base temperature of 1.45Ϯ0.05 K. A wire heater with feedback control allows operation at higher temperature. Most measurements were conducted at base temperature where the best thermal stability is achieved ͑fluctuations less than 0.01 K͒. Temperature is measured with a rhodium iron resistor, which was calibrated against the vapor pressure above the liquid.
Femtosecond laser pulses were generated by a laser system consisting of a Ti:sapphire oscillator pumped by an argon-ion laser, followed by a stretcher, regenerative ampli-fier pumped by a YAG laser, and compressor. The maximum output energy at 790 nm is 500 J in 80 fs pulses, at a variable repetition rate between 1 kHz and 1 Hz. A few measurements were performed using the second harmonic of the laser at 395 nm. The laser beam is focused in the liquid helium using a single lens, focal length ͑f.l.͒ϭ9 in. The spatial profile of the excitation volume was characterized to extract absolute photoefficiencies. The beam waist was measured in air, in front of the cryostat, using a 10 m pinhole on an X -Y -Z translation stage, and determined as the full width at half maximum ͑FWHM͒ of dϭ45Ϯ5 m and a length of l 1/2 ϭ1 cm. Thus, the excitation volume can be estimated as 1.5ϫ10 Ϫ5 cm 3 . For time-resolved pump-probe experiments, the femtosecond laser beam was split into two by a 30%-70% singlestack beamsplitter, passed through a variable delay line, and recombined collinearly using another ͑50%-50%͒ beamsplitter before the focusing lens. A 1 m translation stage with a corner cube reflector was used to generate optical delays of Ϯ2 ns.
To measure lifetimes of long-lived excited states generated by the fs laser, a nanosecond dye laser pumped by a XeCl 308 nm excimer laser ͑Lambda Physik EMG 101 MSC/FL 2002͒ was used. An electronic delay generator is used to control the timing between fs pump and ns probe pulses, and the two beams are combined collinearly using a dichroic mirror and focused using the same lens. The time resolution in these measurements is limited to 10 ns by the pulse width of the dye laser.
Fluorescence was collected from the focal spot at a right angle using two collection lenses (dϭ2 in., f.l.ϭ5 in.), dispersed through a 1/4 m monochromator, and detected using a photomultiplier tube ͑PMT͒. The photon collection efficiency for the arrangement is estimated as 10 Ϫ5 , with the PMT amplification of 10 7 , this translates into ϳ10 2 electrons at the anode for every emitted visible photon.
To detect VUV fluorescence from the excitation volume, a gold photocathode with a copper mesh-collecting electrode was fabricated. Given the work function of gold of 4.5 eV, this detector responds to all photons shorter than 275 nm. The photocathode was a 2ϫ2 cm square gold foil, spaced by 0.4 cm behind the collector. The assembly was situated above the surface of the liquid, 5 cm from the focal spot of the laser. The collection efficiency of this assembly, as determined by the solid angle spanned by the photocathode, is ϳ1.3ϫ10
Ϫ2 . Normally, a positive voltage of ϩ300 V is applied to the collector, and current is measured at the gold electrode using a picoamperemeter ͑Keithley model 485͒. Based on a photoelectron ejection probability of 0.06 for gold, 50 and an estimated electron sweep efficiency of 0.2 ͑variation of the sweeping voltage from 50 to 500 V resulted in a monotonic increase of the registered current, indicating that saturation is not reached, i.e., not all photoejected electrons are collected͒, the overall efficiency of ϳ2ϫ10 Ϫ4 collected electrons per emitted VUV photon is estimated.
For detection of ions generated by the femtosecond excitation in liquid helium, we used an assembly of two parallel stainless-steel electrodes immersed in the liquid. Each electrode is a 2.5 cmϫ2.5 cm square and the separation between the electrodes is 1 cm. The laser is focused midgap, therefore, ϳ0.5 cm from either electrode. A sweeping voltage in the range 100-500 V is applied to the lower electrode, and the current measurement is made between the upper electrode and ground using either a picoamperemeter ͑Kei-thley model 485͒ in cw regime, or a current amplifier ͑Ithaco model 1211͒ for resolving the current wave in time.
III. RESULTS AND ANALYSIS

A. Two distinct excitation regimes
Femtosecond laser pulses focused in liquid helium prove to be efficient in producing electronic excitations which manifest themselves in a variety of ways. Specific to the use of ultrashort pulses are two distinct excitation regimes with the demarcation defined by the threshold for dielectric breakdown. While breakdown can be induced with long pulse lasers as well, the regime below breakdown is unique to femtosecond excitation. We are mainly interested in the photophysics in this ''low-intensity'' regime as a means for controllable preparation of ionic and neutral excited states in liquid helium. Nevertheless, it is useful to contrast observa- tions with those associated with breakdown, which we succinctly relate prior to detailing the measurements of interest.
A sharp intensity threshold for dielectric breakdown is observed at Iϳ5ϫ10 13 W/cm 2 for 790 nm pulses ͑60 J per pulse, 80 fs FWHM, 45 mm beam waist͒. This threshold, to within 10%, is independent of temperature across the point for the measured range, from 1.45 to 2.8 K. The breakdown can be visually identified as a bright spark in the focal volume of the pump beam and is accompanied by: ͑a͒ efficient generation of white light centered on the excitation laser wavelength ͓see the spectrum in Fig. 1͑a͔͒ ; ͑b͒ self-scattering of the pump beam; ͑c͒ third-harmonic generation at 264 nm, which propagates collinearly with the pump beam; and ͑d͒ cavitation and generation of macroscopic bubbles, which occurs after a time delay of ϳ100 s, as established by scattering of a counterpropagating He-Ne laser focused into the excitation volume. At yet higher intensities, boiling of the liquid around the focal spot can be seen, with ensuing agitation that subsides on a time scale of 0.1 s. The thirdharmonic generation and self-scattering indicate that formation of the plasma responsible for the strong nonlinear optical response occurs within the laser pulse width.
The emission signal obtained above breakdown is very noisy, with a shot-to-shot rms noise of 100%, to be compared with a rms laser intensity jitter of 3%. Characteristic of this regime is a rich spectrum, which contains atomic He* lines, and both singlet and triplet emissions of He 2 * excimers. An illustrative set of spectra is provided in Fig. 1 . Beside the white light, the spectrum is dominated by the broad emissions at 395 and 445 nm, which can be assigned to 3 3 P→2 3 S and 4 3 D→2 3 P atomic Rydberg transitions which are Stark broadened in the high-density plasma. 51 Similar emissions are obtained from transient plasma bubbles created by high-voltage pulsed discharge in liquid helium. 51 Sharper spectroscopic signatures, which include other atomic lines and vibrationally relaxed lines of both singlet and triplet He 2 * excimers, appear when cavitation and gaseous bubbles resulting from breakdown at high repetition rates persist ͓see Fig. 1͑b͔͒ . The same lines ͑although somewhat narrower due to the lower plasma density͒ are also observed when breakdown is induced in the cold He vapor just above the liquid level ͓Fig. 1͑c͔͒. The assignment of lines observed above breakdown are collected in Table I .
The observed visible emission spectra correspond to transitions within the excited Rydberg manifold of atomic and molecular He, among states that lie above 18 eV from ground. It is well established that in the liquid phase, visible fluorescence constitutes a minor fraction, 10 Ϫ3 -10 Ϫ4 , of the overall emission intensity, and that the main relaxation channel is due to radiation from the lowest singlet excited state, the He 2 (A→X) transition, in the 60-100 nm spectral region. 46, 52 The number of VUV photons is, therefore, a good estimate of the total number of excimers created in the liquid. Using the gold foil photocathode assembly described in Sec. II, a photocurrent of 40 pA is measured for excitation at a repetition rate of 1 kHz and energy of 100 J/pulse, i.e., 2.5ϫ10 5 electrons are collected per pulse. Based on the estimated collection efficiency, this translates into ϳ10 9 VUV photons emitted per laser pulse, indicating an excimer concentration of 10 13 -10 14 cm Ϫ3 created in the focal volume. This is ϳ100 times larger than the total number of visible photons emitted, the latter being an estimate based on characteristics of the PMT and collection efficiency of the setup. It is useful to note that one VUV photon is generated per 4 ϫ10 5 incoming IR photons, i.e., energy conversion efficiency is rather high, of the order of 10 Ϫ4 . At laser intensities below breakdown, a faint fluorescence appears as a red filament in the liquid. All characteristics of above-breakdown excitation vanish, and the fluorescence spectrum collapses to only three relatively narrow bands as illustrated in Fig. 2 . The fluorescence intensity is noticeably more stable, with a shot-to-shot rms noise of 20% ͑laser noise of 3%͒. As the temperature of the liquid is raised above the point (T ϭ2.17 K), the fluorescence intensity drops by ϳ1 order of magnitude. This behavior may be attributed to thermal instabilities caused by the drop in thermal conductivity upon phase transition, leading to convection currents that disrupt the steady-state population of excimers ͑vide infra͒. Thus, experimentally, it is found that the controllable excitation below breakdown can only be achieved in the superfluid phase.
Based on the spectral signatures alone ͑compare spectra in Figs. 1 and 2͒, it is clear that different channels prevail in the access of the fluorescing states above and below breakdown. Moreover, we establish experimentally that the lowintensity regime is specific to femtosecond excitation. To this end, we used a Q-switched pulsed YAG laser of 5 ns pulse width, which was focused in the liquid through a 20 cm lens. The general characteristics of uncontrollable dielectric breakdown induced by the ns laser are similar to that of the fs laser. The emission spectrum obtained from the ns breakdown in the liquid is identical to that in dense He gas ͓Fig. 1͑c͔͒. Despite the available dynamic range in detection, no emission could be produced below the sharp breakdown threshold. Dielectric breakdown induced in liquid helium using a ns Ruby laser has previously been reported. 53, 54 In contrast with the first report, 53 we observe no temperature dependence of the intensity threshold in the range between 1.45 and 4 K. Since the role of impurities in the nanosecond breakdown experiments is well documented, 55 this discrepancy may be attributed to the higher purity of liquid helium in our experiments.
B. LIF spectroscopy below breakdown
All three of the lines observed in the spectrum below breakdown, Fig. 2 , can be assigned to vibrationally relaxed transitions of the He 2 * triplet manifold. The strongest band is
, at 640 nm; the two weaker bands are a triplet f (3d 3 ⌺ u ϩ ,3d 3 ⌸ u ,3d␦ 3 ⌬ u ) →b(0→0) at 597, 586, and 575 nm, and e(3p 3 ⌸ g ) →a(2s 3 ⌺ u ϩ )(0→0) transition at 470 nm. Only the d→b transition has been observed previously in the liquid. 43 Notable is the absence of the singlet emissions of He 2 *, which were readily observed in experiments utilizing particle bombardment 43 and electric discharge. 51 The most intense of the observed lines, the d→b transition, is centered at 639.5 nm, redshifted by 2.1 nm relative to the gas phase, and consists of a line of FWHMϭ2.5 nm riding over a broad pedestal. These spectral features have previously been interpreted by Dennis et al. 43 as unresolved rotational structure manifesting the bubble state nature of He 2 * in liquid helium ͑L-He͒. We will make extensive use of the d→b fluorescence in our characterization of excitation mechanisms.
The d→b fluorescence decays with a time constant of 25 ns, which corresponds to the radiative lifetime of the d state in the gas phase. 56 The f and e states decay within the detector response time of 10 ns, faster than their gas-phase radiative lifetimes of 20 and 60 ns, respectively. 56 The acting as a bottleneck in the electronic cascade. Indeed, fast collisionally induced excitation transfer, with gas kinetic rate constants of the order of 10 Ϫ10 cm 3 /s, is observed among these three states in the gas phase. 56 The important implication of the fast interconversion is that the three observed fluorescence bands may originate from a single excitation transition.
C. Kinetics
The intensity of the entire fluorescence spectrum below breakdown is inversely proportional to the repetition period of the laser. This is demonstrated in Fig. 3 44 Two-photon excitation of He 2 ( 3 a) at 790 nm would lead to the observed set of triplet states, as illustrated in Fig. 4 . Resonant excitation of the steady-state triplet would explain the absence of the single states in the fluorescence spectrum in Fig. 2 .
The suggested mechanism of fluorescence excitation is directly verified by pump-probe experiments, where the fs laser is used to generate excimers, and a 10 ns dye laser is tuned to the 3 e← 3 a transition at 462 nm to probe the He 2 ( 3 a) population ͑see the energy-level diagram in Fig. 4͒ . As expected, due to the fast interconversion from 3 e to 3 f and 3 d states, the fluorescence spectra obtained using this femtosecond pump-nanosecond probe scheme ͓Fig. 2͑b͔͒ are identical to those from 790 nm femtosecond pulses alone ͑the e→a emission is masked by the probe laser͒. The fluorescence intensity was verified to be linear with the probe intensity, demonstrating one-photon excitation. The laserinduced fluorescence ͑LIF͒ intensity ͑640 nm͒ exhibits the expected bimolecular decay as a function of the delay between the femtosecond pump and nanosecond probe pulses. This is shown in Fig. 5 by the fit of the data at Tϭ1.45 K to the form:
in which I 0 and C 0 designate, respectively, the fluorescence intensity and He 2 ( 3 a) concentration at tϭ0. This experiment defines tϭ0 within the probe pulse width of 10 ns; the absence of a rise in the data establishes that the formation of 44 an initial concentration of C 0 Ϸ10 13 cm Ϫ3 is extracted from the fit.
The temperature dependence of the measured rate constant is shown in Fig. 6 . The data are in good agreement with those of Fitzsimmons et al. 44 ͑solid line in Fig. 6͒ . The rate constant exhibits the characteristic inverted Arrhenius temperature dependence with an activation energy of 8.3 K, corresponding to the roton minimum in the dispersion curve. This dependence below the point is expected, since diffusion of impurities through the superfluid is hindered only by scattering on the thermal population of rotons. The agreement of our data with the prior measurements further implies that the femtosecond excitation is ''gentle'' and does not significantly affect the temperature and transport properties of the fluid in the excitation volume.
The same bimolecular kinetics reproduces the repetition rate dependence of the fluorescence induced by the femtosecond laser alone, as demonstrated in Fig. 3 . The secondorder curve calculated using C 0 extracted from the fs pump-ns probe kinetics is represented by the solid curve in Fig. 3 and shows excellent agreement with the data. Slowing down of the diffusion at higher temperature implies that more triplets will survive and be available for reexcitation. This is indeed observed: as the temperature is increased from Tϭ1.5 K to Tϭ2.1 K, the steady-state fluorescence at 500 Hz increases by a factor of ϳ2.
The observed kinetics and the absence of the singlet He 2 * emission lines imply that the fluorescence is only the result of excitation of the excimers which survive from the prior pulse, which after a time delay of t 1 ϭ1 -2 ms reach a concentration of C(t 1 )ϭ10 12 cm
Ϫ3
. To access the coupled manifold of He 2 (d,e, f ) states, two photons at 790 nm are required, which are illustrated in Fig. 4 . A near-resonant real intermediate can be assigned to this two-photon excitation by noting that the 1←0 vibrational band of the c(3p
transition is centered at 805 nm with a FWHM of 10 nm in LHe. 47, 44 The second photon would then overlap the d(3s 3 ͚ u ϩ ,vϭ3)←c(vϭ1) transition, which is centered at 780 nm in the gas phase, and the nearby f (v ϭ2)←c(vϭ1) transitions which in the gas phase occur at 803 and 817 nm for the f (3d 3 ⌸ u ) and f (3d 3 ͚ u ϩ ) components. The broad spectral profiles of the fs laser ͑FWHM ϳ10 nm͒ and absorption lines in liquid He, the large transition dipoles involved, and the high intensities of the excitation pulses, assure an efficient resonant two-photon excitation.
D. Excimer formation time
Utilizing the two-photon fluorescence excitation scheme of the He 2 ( 3 a) excimers, their formation dynamics were monitored in real time with femtosecond resolution in a single-color 790 nmϩ790 nm pump-probe experiment. The first pulse ͑nonresonantly͒ starts the generation dynamics, and the second, delayed pulse, probes the produced concentration of the lowest state triplets He 2 ( 3 a), as pictured in Fig.  4 . The 640 nm (d→b) fluorescence intensity was recorded as a function of pump-probe delay and is characterized by a fast initial rise on the 100-200 ps time scale, which is shown in Fig. 7 . This is followed by a slower growth which continues for several nanoseconds. Quantitative studies of this kinetic stage are complicated by the beam walk-off problems associated with the long optical delay. Finally, with a 2 ns time delay between pulses, it is verified that the dependence of the fluorescence intensity on the probe power is quadratic.
E. Steady state of He 2 "
3 a… excimers
The schematic reconstruction of the experimentally determined concentration profile C(t) is shown in Fig. 8 . During the dark time between laser pulses t 1 ϭ2 ms for the typically used 500 Hz repetition frequency, the excimers decay according to Eq. ͑1͒, from the initial concentration C 0 generated within several ns of the laser pulse, to C 1 ϭC 0 /(1 ϩKC 0 t 1 ). Because C 0 is of the order of 10 13 cm Ϫ3 and K ϭ5.5ϫ10 Ϫ10 cm 3 /s at Tϭ1.45 K, KC 0 t 1 ӷ1 for t 1 у1 ms, and concentration C 1 of triplets surviving until the next laser pulse is a robust number: C 1 Ϸ1/Kt 1 ϭ10 12 cm Ϫ3 independent of C 0 . Thus, the bimolecular decay acts as a noise reduction mechanism for the steady-state concentration. Since the formation time of the excimer is much longer than the pulse width of the laser, the fluorescence intensity from the single pump beam measures the concentration C 1 of excimers generated by the previous pump pulse, whereas fluorescence induced by a probe pulse delayed by ϳ2 ns from the generation pump pulse detects concentration C 0 created by the pump. To maintain the steady state, the pump pulse must amplify the excimer population from C 1 to C 0 . The rest of the measurements are aimed at characterization of the mechanism involved in this process.
F. Photocurrent measurements
Given the fact that radiation far from resonance is used to prepare the observed excimer states, it may be suspected that ionization is the first step in the process. While ionization is self-evident above breakdown, by direct measurements of photocurrent we establish that ionization occurs below breakdown as well.
When the femtosecond laser operating at 1 kHz is focused between two parallel electrodes separated by 1 cm, at a sweeping voltage of a few hundred volts applied to the lower electrode ͑see the inset in Fig. 9͒ , current in the picoto nanoampere range is detected on the upper electrode. Current is detected at laser intensities both above and below breakdown. At a fixed laser power, the current increases monotonically with applied voltage, up to 500 V/cm, as shown in Fig. 9 . The absence of saturation in the I -V curve indicates that only a small fraction of the charges produced by the laser is extracted. Consistent with this, the applied voltage does not modify the fluorescence intensity. Based on the signal-to-noise ratio of fluorescence, we can establish an upper limit for the fraction of extracted ions as 3%. Further, this observation establishes that the excitation mechanism does not involve preexisting ions, since such would be swept away by the applied voltage.
Time-resolved measurements of the current wave yield the mobility of the charge carriers and their identification as the thermal electron bubble and the positively charged snowball. The current wave was recorded with the laser operating at 30 Hz to extend the time scale to ϳ30 ms. In Fig. 10 we show the time-resolved current wave for the negative charge carriers at two different temperatures. The arrival time of the peak of the wave is a linear function of the applied voltage. The width of the wave is equal to the peak arrival time, indicating that the collected charge cloud expands to a diameter comparable with the travel length ͑5 mm͒. The average drift velocity can be calculated from the peak arrival time ͑140 cm/s at 1.55 K and 50 cm/s at 1.9 K for the traces in Fig. 10͒ . The extracted mobility of the charge carriers as a function of temperature between 1.5 and 2.2 K is presented in Fig. 10 . Below the point, the data are well described by an inverse Arrhenius law with an activation energy of 8.38 Ϯ0.10 K, in accordance with the general mechanism of diffusion and mobility in superfluid helium. The data are in excellent agreement with the experiments of Mayer and Reif 34 ͑solid line in Fig. 10͒ who have previously measured mobilities of the thermalized charge carriers in liquid helium.
G. Power dependence of the fluorescence and photocurrent
The most important data regarding the photogeneration mechanism is provided by the power dependence of photo- ͑a͒ The open triangles in Fig. 11 show fluorescence due to the pump beam alone, which measures the concentration C 1 of the He 2 *( 3 a) excimers that survive from the previous pulse ͑see Fig. 8͒ .
͑b͒ The open circles ͑Fig. 11͒ represent fluorescence induced by a 790 nm probe pulse of fixed intensity ͑laser energy per pulse Wϭ26 J/pulse) delayed by ϳ2 ns from the 790 nm pump pulse of varying intensity. According to the He 2 *( 3 a) formation kinetics described in Sec. III D, this delay ensures that the probe pulse measures the population C 0 of the excimers created by the 790 nm pump pulse. Note, in both cases ͑pump alone and pumpϩprobe), the fluorescence signal decreases above the breakdown threshold ͑marked by an arrow͒ due to laser scattering from the plasma.
The current recorded simultaneously with the pumpprobe fluorescence intensity is shown by filled squares in Fig. 11 . Below breakdown, the power dependence current and fluorescence are identical, which indicates that the production of spatially separated ions is a key step in the triplet generation mechanism. Just below breakdown, at a laser intensity of Iϭ4ϫ10 13 W/cm 2 , 10 6 charges are extracted with an applied voltage of 200 V. Comparison of this number with the excimer concentration, which was independently estimated from the fluorescence signal intensity and from the bimolecular kinetics as C 0 ϳ10 13 cm Ϫ3 in an excitation volume of 2ϫ10 Ϫ5 cm 3 , gives the probability of ion separation by the external electric field of Pϳ5ϫ10
Ϫ3 . This in turn has important implications regarding the initial separation of the ion pairs produced by the generation pulse.
The power dependence of the generation step was further characterized by stretching the pulse width of the pump laser. Stretching the pulse from 80 to ϳ250 fs, while keeping the total energy per pulse constant, at Wϭ50 J, does not change either the fluorescence intensity, or photocurrent. This behavior is a signature of a controlled field-induced avalanche ionization ͑see the discussion section͒, and suggests that we dismiss from consideration any multiphoton process in the generation mechanism.
The above data allow the characterization of the photophysics once the triplet steady state is reached. The number of pulses required to reach the steady state at a given repetition rate is an inherently difficult determination since it requires single-shot measurements. We could establish that at a repetition rate of 500 Hz, and at a laser intensity of Iϭ4.5 ϫ10 13 W/cm 2 , the steady state is reached within five pulses.
IV. DISCUSSION
The presented experimental observations clearly demonstrate that femtosecond laser excitation of liquid helium, far from any resonances, enables efficient access of neutral and ionic states that lie at energies above 18 eV. The regime of controllable excitation, which is realized at intensities below laser breakdown, occurs in the superfluid phase when irradiated at sufficiently high repetition rates to establish a steadystate concentration of the triplet excimer, He 2 ( 3 a). The experimentally determined time profile of the 3 a excimer concentration was illustrated in Fig. 8 . The concentration decays via diffusion-controlled self-annihilation to C 1 , and is amplified by a factor of ϳ10 by the laser pulse to reach C 0 . The data in Fig. 11 established that the power dependence of the photogeneration of excimers and that of photocurrent are identical. This naturally leads to the conclusion that laser-induced ionization followed by recombination of ion pairs is the mechanism of excimer formation. Below, we develop a model for autocatalytic amplification of the excimer concentration by a laser-driven electron avalanche ionization. Consecutive steps of the mechanism are detailed in the sections that follow: initial ionization of preexisting excimers, controlled electron avalanche, and thermalization and recombination of the generated ions. The model uniquely allows us to quantitatively reproduce all relevant experimental observables in this controlled excitation regime.
A. Ionization of excimers via Coulomb barrier suppression
The relatively weak power dependence of photocurrent observed in Fig. 11 , rules out photoionization of ground-state He atoms. At the intensities used in our experiments, laser ionization of ground-state helium would be expected to be in the multiphoton regime ͑ϳ16 photons at 790 nm, hv ϭ1.55 eV). 57 The transition from the perturbative multiphoton picture to tunneling ionization is determined by the Keldysh from the multiphoton (␥Ӷ1) to the tunneling (␥ӷ1) regime occurs at field intensities of ϳ2ϫ10 14 W/cm 2 , which is an order of magnitude higher than our experimental intensities. Indeed, extrapolation of the He ionization probability by femtosecond laser pulses measured in the gas phase 27 to our range of intensities predicts that ionization probability changes by ϳ4 orders of magnitude for a twofold increase in laser intensity. We would not expect a dramatic change in this behavior from gas to liquid. Therefore, the observed weak dependence of photocurrent on laser intensity cannot be ascribed to photoionization of ground-state He.
Consider Since the experiments are carried out at intensities which are an order of magnitude above this threshold, within the laser pulse, the Rydberg electron is ''quasifree.'' Equivalently, the ionization probability of He 2 ( 3 a) is ϳ1 even at the lowest laser intensity used in the experiments, therefore, in effect independent of laser power.
Ionization of the excimer is not sufficient to account for the steady-state kinetics, nor is it sufficient to account for the intensity dependence of the photocurrent. The radiation must now amplify the number of ions produced by ionization of excimers that survives from the prior pulse. Collisionassisted energization of quasifree electrons in liquid helium driven by the ponderomotive force of the radiation field, and subsequent impact ionization of ground-state He atoms by the energized electrons, can lead to an ionization cascade in which the initial excimer concentration is multiplied, as we describe next.
B. Controlled electron avalanche ionization
The mechanism of cascade electron impact ionization, responsible for the extensively studied nanosecond breakdown in dense gas and condensed media, was first proposed in a theoretical paper by Zel'dovich and Raiser. 59 The formulation has been shown to provide a quantitative description of nanosecond breakdown in dense helium gas and can be adapted to the present case. 53 Briefly, electrons are accelerated by the electric field and gain kinetic energy in collisions with He atoms. The collisions are necessary for the simultaneous conservation of energy and momentum. Because of the mass asymmetry between electron and atom, the elastic collisional energy loss is small and can be neglected in the description of the process ͑energization of the electrons may occur at field amplitudes above ϳ10 6 V/cm, 60 i.e., for laser intensities Ͼ10 9 W/cm 2 ). Electron impact ionization occurs when the electrons reach a kinetic energy above the He ionization potential. The secondary ͑low-energy͒ electrons are in turn accelerated by the same mechanism, leading to the ionization cascade. Scrutiny of the dynamics of these processes, presented below, will allow comparison with the experimentally measured power dependences of the fluorescence and photocurrent ͑Fig. 11͒ and implications about the initial spatial distribution of the generated ions.
The classical expression for the rate of energy gain by an electron in the radiation field
describes the average energy transferred from radiation to electron per collision, times the collision frequency coll ͑note that we use the space-averaged value of the field intensity F 0 ). The picture is one of elastic collisions that randomize the direction of the electron momentum, and therefore, its projection on the field direction, leading to a random walk in three-dimensional momentum space, with the step size of the walk determined by the laser intensity. The root-meanmomentum (͗p
1/2 gain is proportional to the square root of the number of collisions, and therefore, the energy gain is proportional to the number of collisions. The high density of the liquid and the absence of energy-loss channels for electrons below 20 eV provide favorable conditions for fast energization. At a laser intensity Iϭ4ϫ10 13 W/cm 2 , i.e., space-averaged electric-field F 0 ϭ1.2 V/Å, the amplitude of e Ϫ oscillation is x 0 ϭeF 0 /(2m e 0 2 )ϭ3.7 Å, which is comparable to the interatomic separation in L-He. These conditions are different from the case of dense helium gas, which was originally considered by Zel'dovich and Raizer 59 in their laser breakdown theory. In the liquid, the electron collision frequency may be comparable or even higher than the light frequency 0 ϭ2.4ϫ10 15 s
Ϫ1
. As a consequence, the average energy gain per collision may be less than the ponderomotive potential, which is reflected by the factor 0 2 /( 0 2 ϩ coll 2 ) in Eq. ͑2͒. The collision frequency is a function of the kinetic energy, since it is determined by the electron velocity v el and the mean-free path of the electron l s :
The momentum scattering cross section of low-energy electrons on He s (⑀), which was measured as a function of energy in the gas phase, 61 is shown in Fig. 12͑A͒ . The data can be fitted to the form ͓solid line in Fig. 12͑A͔͒ s ͑ ⑀͒ϭ 1 0.165ϩ0.0056⑀
1
where ⑀ is in eV, which we used in our calculations. The cross section decreases from (5.5Ϯ0.1) Å 2 at 0-1 eV to 2.3 Å 2 at 25 eV. If we substitute Eq. ͑3͒ into Eq. ͑2͒ and solve the resulting differential equation, we obtain a kinetic-energy gain curve for a quasifree electron in L-He in a laser field. The results of numerical integration using the fitted experimental dependence ͑4͒ for s (⑀) are shown in Fig. 13 . The curve is superlinear in the beginning, reflecting the increasing collision frequency as the electron is accelerated. In spite of some complicating details ͑vide infra͒, Eq. ͑2͒ and the dynamics pictured in Fig. 13 demonstrate the most important physical features of the model. The energy gain rate, which determines the number of generations in the cascade developed during the laser pulse, is proportional to the ponderomotive potential, which in turn is proportional to the laser intensity:
͑for a 790 nm wavelength͒. Thus, as illustrated in Fig. 13 , it takes four times longer to reach energy above the I.P.͑He͒ at Iϭ1ϫ10 13 W/cm 2 than at 4ϫ10 13 W/cm 2 . Above 25 eV, an electron ionizes the He atom with a finite probability determined by the impact ionization crosssection i (⑀). The latter increases sharply from 0 at I.P. to a maximum of 3.75ϫ10
Ϫ17 cm 2 at 105 eV. The experimental results at low energies, recently summarized by Shah et al., 62 are shown in Fig. 12͑B͒ and can be represented using a functional form
where ⑀ is in eV, shown by the solid line and used in the calculations below. The ionization rate is, therefore,
The overall dynamics of electrons during the laser pulse is described in terms of the time evolution of the energy distribution function f (⑀,t), which represents the number of electrons with kinetic energy between ⑀ and ⑀ϩd⑀. 63 The function obeys the Fokker-Planck equation 59 ‫ץ‬
with the diffusion coefficient along the energy axis D(⑀) determined by the ''step size'' U p 0 2 /( 0 2 ϩ coll 2 ) and frequency of ''jumps'' coll . The source and sink term S(⑀,t) is given by S͑⑀,t ͒ϭϪK i ͑⑀͒ f ͑⑀,t͒ϩ4K i ͑2⑀ϩI.P.͒ f ͑ 2⑀ϩI.P.,t ͒, i.e., each electron disappearing at energy 2⑀ϩI.P. produces two electrons at ⑀. Note that the total number of electrons, calculated as an integral of the distribution function over energy, is not conserved because the model describes multiplication of the electron population.
Equation ͑7͒ was solved numerically using the coefficients K ⑀ (⑀) and K i (⑀) calculated from the fitted experimental dependences of s (⑀) and i (⑀), Eqs. ͑4͒ and ͑5͒. The Gaussian laser pulse profile was introduced via timedependent ponderomotive potential U p in expressions for FIG. 13 . Energy-gain dynamics of an electron in liquid helium in a laser field: numerical solution of Eq. ͑2͒ using scattering cross-section s (⑀) from Eq. ͑4͒.
FIG.
14. Time evolution of the electron energy distribution function f (⑀,t) during the laser pulse: numerical solution of Eq. ͑5͒. Laser pulse of FWHMϭ80 fs and peak intensity Iϭ3ϫ10 13 W/cm 2 is centered at tϭ0.
K ⑀ (⑀) and D(⑀).
An example of the dynamical evolution of the distribution function is shown in Fig. 14 , for a pulse with peak intensity of Iϭ3ϫ10 13 W/cm 2 and FWHM of 80 fs. At the front edge of the laser pulse, the electron distribution, initially a ␦-function at 0 eV, starts spreading to higher energies due to laser heating. When the edge of the distribution reaches above 24.6 eV, the low-energy end of the distribution function starts to fill in due to impact ionization. Because i (⑀)Ͻ s (⑀), an electron will undergo several energy-gaining collisions above the I.P.͑He͒ before ionizing. Thus, at peak laser intensities, a tail of the distribution function extends somewhat beyond 25 eV, which decays rapidly at the end of the pulse. Note that most of the cascade electrons are produced in the second half of the laser pulse.
The model predicts that the laser pulse multiplies the number of ions by M ϭ2 m , where m is the number of generations in the electron cascade developed during the laser pulse. As expected from the general physical features of the model, the numerical solution of Eq. ͑7͒ shows that m is proportional to the energy-gain rate ͑2͒, which is proportional to the laser intensity, and to the time during which the laser acts on the system. Thus, overall, the number of produced ions is determined simply by the total energy per laser pulse W ͑intensity integrated over the temporal profile of the pulse͒:
64 mϭW/W 2 , and
The characteristic laser power at which the number of ions doubles is predicted to be W 2 ϭ13Ϯ2 J/pulse, i.e., intensity I 2 ϭ(1.0Ϯ0.2)ϫ10 13 W/cm 2 for 790 nm pulses of temporal width t 0 ϭ80 fs and focal area of (1.6Ϯ0.3) ϫ10 Ϫ5 cm 2 ͓the main sources of error in the estimate are the experimentally measured beam waist and uncertainties in s (⑀), i (⑀)͔. A cascade time constant c may be defined such that mϭt 0 / c . At 1ϫ10 13 W/cm 2 , it takes on the average c ϭ80 fs for an electron to gain energy and ionize a He atom. The constant decreases inversely proportional to the laser intensity, and at Iϭ4.5ϫ10 13 W/cm 2 c ϭ16 fs, i.e., the cascade consists of five generations.
Power dependence of current and fluorescence
With the identification of the initial concentration of quasifree electrons as the surviving concentration of triplet excimers, C 1 , and under the assumption that the ion pairs generated through the cascade recombine to form the triplet excimer, the source term in the excimer steady state ͑Fig. 8͒ becomes
combining this with the bimolecular decay expression ͑1͒ expressions for the He 2 *( 3 a) concentrations characterizing the steady state are easily obtained
to show that at a 1/t 1 repetition rate of excitation, the triplet concentration at any time is defined by two parameters: the multiplication factor M and the decay constant K. Since the decay constant is well established independently, 44 the multiplication factor can be uniquely determined from the measured power dependences of the fluorescence and photocurrent on the laser power W using independently adjusted pump and probe lasers, data of Fig. 11 .
We recognize that the fluorescence intensity obtained from the pump beam alone S 1 (W pu ) ͓Fig. 11͑a͔͒ is determined by the concentration of triplets that survived from the previous pulse C 1 and the fluorescence excitation efficiency ␣(W pu ):
In the case of fluorescence in pump-probe measurements we must include the production of excimers by both pump and probe pulses. This changes expressions ͑10͒ for C 0 and C 1 in which the multiplication factor M is now substituted by M (W pu )M (W pr ). The pump-probe fluorescence signal S 2 (W) ͓Fig. 11͑b͔͒ arises from the freshly generated excimers, 1 ns after the generation pulse, i.e., reflects concentration C 0 ͑the fluorescence excitation efficiency factor in this case is determined by the probe intensity, i.e., is a constant͒, and also includes the signal ͑although small͒ from the concentration C 1 excited by the pump:
For the experimentally realized case M (W pu ), M (W pr )ӷ1 ͑see below͒, and S 2 (W pu )ϰM (W pu ).
The current i(W pu ) ͓Fig. 11͑c͔͒ measures the number of produced ions, which is proportional to concentration C 0 of the generated excimers,
and, like the pump-probe fluorescence signal, is approximately proportional to M (W pu ).
Recall that the 790 nm induced fluorescence from the triplet excimer is a two-photon process, therefore, the fluorescence excitation efficiency is quadratic in laser power: ␣(W)ϰW 2 . According to Eq. ͑8͒, the multiplication of the triplets by the electron avalanche ionization is exponential in laser power. With the substitution of this functional form in Eqs. ͑11͒-͑13͒, the experimental power dependence of Fig.  11 can be reproduced, as shown by the solid curves in Fig.  11 . The values of M (W pr ), ␣(W pr ) for the probe pulse, which enter Eqs. ͑12͒ and ͑13͒ for S 2 (W) and i(W) are obtained by substituting the probe pulse power into the optimized M (W) and ␣(W) dependences, and provide a selfconsistency check of the fit.
The best fit of the experimental data is achieved for the value of characteristic laser power W 2 ϭ12 J/pulse, i.e., I 2 ϭ0.9ϫ10 13 , just below the breakdown threshold, the multiplication factor is M ϭ30, the characteristic time for the impact ionization is c ϭ16 fs, and the cascade consists of mϭ5 generations.
An additional test of the proposed mechanism is provided by the measurements with stretched pulses. The experiments indicate that the signal does not change when the laser pulse is stretched while maintaining the total energy per pulse W constant. Indeed, from the discussion before Eq. ͑8͒ it follows that if the pulse width t 0 is increased and at the same time the peak intensity I is decreased by the same factor, the multiplication factor will remain exactly the same. This is a unique feature of the electron avalanche multiplication mechanism, which distinguishes it from multiphoton processes.
Finally, we may comment on the laser wavelength dependence of the process. Experimentally, when using the second harmonic of the fs laser at 395 nm, it is observed that the low-intensity excitation regime is compressed, such that fluorescence is only detected near the breakdown threshold. The model predicts that at 395 nm, the electron multiplication time is four times longer. The reason for this is that the ponderomotive potential U p in Eq. ͑2͒ is inversely proportional to the square of the light frequency, i.e., at a given intensity the energy gain is four times slower for the second harmonic.
C. Ion recombination
Spatial distribution of the ions created by the cascade
The cascade ionization model allows detailed temporal, spatial, and energetic characterization of the electrons and ions prepared by the laser pulse. The average separation between the generated positive ions is equal to the displacement of an electron between the ionization events. Assuming random walk motion of the electron during acceleration, the spatial cascade length l c is determined by the scattering length l s and the number of collisions n coll suffered during energy gain and impact ionization. From the numerical solution of Eq. ͑2͒, we obtain the characteristic cascade length at which secondaries are generated l c ϭ60 Å, independent of laser intensity. The multiplication proceeds around the primary center, and thus creates a clump of M positive ions separated on the average by l c . The distance between clumps is determined by the average separation between the He 2 *( 33 and subsequently, relaxes vibrationally in collinear collisions with He atoms to form a thermal ''snowball'' state with a He 3 ϩ core. The associated length scale of the hole hopping before localization can be estimated as ϳ20 Å, 10 and therefore, inhomogeneous spatial distribution will remain after spreading during thermalization.
The thermalization length of the ''hot'' quasifree electrons is determined by the number of elastic collisions with He atoms ͑the only mechanism of energy loss for electrons below 20 eV͒. The energy transfer efficiency is ␥ ϭ2m e /M He ϭ2.7ϫ10
Ϫ4 per collision. The number of collisions necessary to dissipate kinetic energy from ⑀ i to ⑀ f is given as
and is quite insensitive to the assumed initial and final energy. For an electron to trap, it must slow down such that its kinetic energy falls below the potential barrier for passing through the cells of the liquid. Using the electron-He pseudopotential given by Jortner et al., 35 we can estimate the potential corrugation felt by an electron in L-He to be of order 0.2 eV. The average initial kinetic energy of electrons is calculated from the electron energy distribution at the end of the pulse ͑see Fig. 14͒ ͗⑀͘ϭ ͵ ⑀ f ͑ ⑀,tϭϱ͒d⑀ϭ10.4 eV.
͑15͒
The distribution function f (⑀,tϭϱ), and therefore ⑀ i , is nearly independent of the laser intensity. Substituting these values of ⑀ i and ⑀ f in Eq. ͑14͒, we determine the average number of collisions to be of the order of nϳ10 4 , and corresponding migration length for the nascent electron
in which the average scattering length l s ϭ10 Å is used. The trapped electron thermalizes at the same position as the wellknown bubble state, on the time scale estimated by Rosenblit and Jortner as 4-8 ps. 39 The thermal electron bubbles are, therefore, distributed in a diffuse cloud at a distance ϳ10 3 Å around the positive ion clump.
Charge separation by external electric field
The extraction of charge carriers from the excitation volume by a weak external field confirms the picture of spatially separated positive and negative ions described above. We established that the collected charge corresponds to 0.5% of the generated excimer concentration. Under the assumption that all recombined ion pairs form excimers, we may conclude that this fraction corresponds to ions created at a separation where the dc field imposed by the electrodes, F ext , exceeds the Coulombic attraction between ions:
i.e., the photocurrent yield probes the outer tail of the electron cloud (l t distribution͒. Under the operating conditions of F ext ϭ200 V/cm, we calculate R ϩ/Ϫ ϭ2.7ϫ10 3 Å. Based on the Gaussian distribution of charge separation lengths l t imposed by the random scattering events, the measured fraction of extractable charges implies an initial ion separation distance such that 1Ϫerf(R ϩ/Ϫ /l t )ϭ0.005, i.e., l t ϳ10 3 Å, in agreement with the theoretically estimated value ͑16͒.
Recombination time scale
The internuclear separation of the He 2 ϩ ion ͑1.08 Å͒ ͑Ref. 65͒ is very close to that of the He 2 * excimer ͑1.05 Å͒.
Recombination with the thermalized electron is, therefore, expected to populate the Rydberg He 2 * states rather than the ground electronic state because of the better Franck-Condon overlap. The observed formation kinetics of the excimers ͑Fig. 7͒, determines a 100 ps time scale for ion recombination, which confirms that the produced ions are initially inhomogeneously distributed, as described above. Indeed, homogeneous recombination at an initial concentration ϳ10 13 cm Ϫ3 is expected for the 100 s time scale, based on the diffusion coefficient for the positive and negative ions estimated using the Nernst-Einstein relation. The process consists of two stages: diffusional drift of the ions in the attractive Coulomb field and contact recombination which populates the He 2 *( 3 a) state. Due to the strong field ͑of the order of 10 3 V/cm for separations less than 10 3 Å), the drift velocity of the ions may approach the Landau limit ( L Ϸ60 m/s), above which the mobility drastically reduces. 34 This limits the estimated drift time from the initial separation distance of 10 3 Å to ϳ1 ns. An initial rapid expansion of the positive ion clump due to Coulombic repulsion may facilitate the kinetics. Further experiments are needed to elucidate the limiting process which determines the observed overall recombination time scale.
Breakdown
With regard to breakdown, the signatures of which were described in Sec. II A, two important observations can be made by inspecting the data in Fig. 11 . First, the photocurrent curve as a function of intensity shows no discontinuities, implying that there is no abrupt change in the extractable number of photogenerated ions, as would be expected in a runaway avalanche. The second important observation is that the ͑LIF͒ signal degrades at breakdown, both for pump alone and pump-probe signals, implying that laser scattering occurs within the pulse width of 80 fs, and therefore, breakdown is sensed optically on that time scale. Consistent with this, we note that white-light generation from the laser tracks the intensity of emissions attributed to breakdown. These observations allow insights into the microscopics of the initiation of breakdown. With 30-40 ions created on a length scale of 60 Å just below breakdown, clearly, the new generation of electrons can now be expected to be trapped by the positively charged clump. Light scattering and white-light generation within the pulse can be understood in terms of radiation coupled to interacting electron-ion pairs, i.e., accelerated dipoles supporting a continuum of radiative states. The Coulombically trapped electron-ion pairs constitute a plasma that can be strongly heated by the radiation field. Evidently, breakdown, and the subsequent Coulomb explosion, which leads to cavitation and bubble formation, is initiated in clumps containing a total of 30-40 ion pairs.
D. Overall mechanism for excimer multiplication
Based on the above discussion, we can reconstruct the mechanism for maintenance of the steady state in triplet excimers. The requisite steps, and where applicable their time and length scales, are given below for a laser intensity of I ϭ4.5ϫ10 13 This autocatalytic cycle repeats within the laser pulse, multiplying the quasifree electron concentration by a factor of M ϭ2 m , where m is the number of cycles. ͑3͒ Upon termination of the laser pulse, the ''hot'' quasifree electrons slow down and are eventually trapped in density minima of the liquid, then fully thermalize and form the ''bubble'' state due to the repulsive exchange interaction with the surrounding ground-state He atoms 35 33 The length scale associated with this process is that of hole migration, modeled theoretically 66 and recently determined experimentally in He clusters. 10 After complete vibrational relaxation, the triatomic ion is stabilized as the core of the snowball, 41 which is created by the charge-induced polarization of the neighboring shells, where the time scale is that of complete thermalization of the ionic core, and is estimated from simulations.
͑5͒ The thermalized ions recombine, forming the vibrationally relaxed triplet exciplex as a major channel: ͑He 3 ϩ ͒ snowball ϩ͑e Ϫ ͒ bubble →He 2 ͑ 3 a ͒, tϳ100 ps.
The time scale is that observed experimentally ͑formation dynamics in Fig. 7͒ .
Once the steady-state concentration of the triplet excimers is established, it is maintained in the sequence of pro-cesses ͑1͒-͑5͒. The initial buildup of the steady-state concentration, however, requires an initial finite concentration of seed electrons. Experimentally, we could only establish that near-breakdown threshold, at Iϭ4.5ϫ10 13 W/cm 2 , the steady state ͑SS͒ is reached in less than five pulses. The required seed concentration C s to reach the SS concentration of C 0 in n pulses can be obtained by noting that C 0 ϭM n C s ϭ2 mϩn C s , where m is the number of generations in the cascade, in each pulse. Near breakdown, where mϭ5, a seed concentration of 10 10 cm Ϫ3 is sufficient to reach the steady state in nϭ5 pulses. Extrapolation of the gas-phase data on laser ionization of He ͑Ref. 27͒ yields an ionization probability of ϳ10 Ϫ12 under our conditions. Although extremely small, this is still enough to produce ϳ10 10 cm
Ϫ3
ions in the excitation volume ͑the liquid-helium number density is 2.2ϫ10 22 cm
), enough to initiate the steady state. Note, however, that any impurity with I.P.Ͻ5 eV can act as a seed, and the requisite concentration implies that an impurity level of one part in 10 12 is sufficient for the task. Thus, it is difficult to give a unique identity of the seed.
V. CONCLUDING REMARKS
Our experimental results demonstrate controlled excitation of the superfluid helium that may be achieved using intense femtosecond laser pulses. Ionization of the liquid, which constitutes the main step in the excitation sequence, is accomplished below the laser breakdown threshold by a subcritical electron avalanche. Only up to five generations of ionizing electrons develop, owing to the ultrashort pulse width, high ionization potential of He, and the absence of energy levels below 18 eV. This situation is to be contrasted to the usually observed laser breakdown induced by longer pulses and/or in media with a narrower band gap, which is characterized by a runaway fully developed avalanche with up to 30 generations. Shot-to-shot irreproducibility of the number of produced ions in this regime, together with the onset of strong optical nonlinearities in the generated dense plasma, renders spectroscopic studies impossible. As a consequence, the laser breakdown studies usually provide only one experimental observable, that is, the threshold intensity, thus limiting the possibility of comparing predictions of the avalanche ionization model with experiment. Laser-induced breakdown has many important applications in areas ranging from remote chemical sensing to eye surgery. 67, 68 Femtosecond ionization cascade in liquid helium is a unique testing ground, which provides detailed characterization of the onset of the breakdown via an experimentally measured number of produced ions as a function of laser intensity. Our results provide a microscopic picture of the cascade development, indicating that the breakdown is initiated in tight clumps of ϳ30-40 ions with an interionic separation of ϳ60 Å dictated by the characteristic travel distance required for an electron to reach a kinetic energy of I.P.ϭ25 eV.
The described excitation mechanism allows sudden access to a variety of excited states, whose time-resolved spectroscopy may provide significant insights into the microscopic dynamics of the superfluid helium. Initial thermalization of the nascent excess electron and positive ion involve ultrafast nonadiabatic dynamics, which are expected to provide a rigorous test for the existing semiclassical treatments due to the highly quantum nature of He motions. The subsequent recombination of the thermalized ions presents a considerable interest as a prototype electron transfer system in a nonpolar solvent. Finally, the neutral He 2 ( 3 a) excimers generated in the liquid are a convenient spectroscopic probe. Impulsive electronic excitation of these Rydberg molecules, which allows us to follow the motions of the surrounding superfluid in real time, will be presented in a separate report.
